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Abstract

We investigate the reactions D(e, e'p)n and D(€,e'p)n at GeV energies and
discuss the opportunities to distinguish between different models for the nu-
clear ground state by measuring the response functions. In calculating the
final-state interaction (FSI) we employ Glauber theory, and we also include
relativistic effects in the electromagnetic current. We include not only the
central FSI, but also the spin-orbit FSI which is usually neglected in (e, e'p)
calculations within the Glauber framework and we show that this contribu-
tion plays a crucial role for the fifth response function. All of the methods
developed here can be applied to any target nucleus.
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L INTRODUCTION

Currently, there are many exclusive electron scattering experiments being performed or
in the planning stage at medium to high energies, e.g. at TINAF (Jefferson Lab), Bates,
NIKHEF and MAMI. A sketch of the typical reaction is provided in Fig. 1. In treating the
problem theoretically, ideally one would use a microscopic Hamiltonian for the description
of both the nuclear bound state and the — in general rather complicated ~— hadronic final
state. Such a microscopic Hamiltonian would also contain a minimal coupling to the photon,
so that the initial state, final state and electromagnetic current operator would all be treated
consistently in a microscopic, relativistic fashion. In practice, it is very difficult to perform a
consistent calculation of both nuclear ground state and final hadronic scattering state and,
especially for medium and heavy nuclei, it is unlikely that a consistent, fully microscopic
and therefore relativistic treatment will be available in the near future.

At present, there are several approximate calculations for particular electronuclear reac-
tions available for few-body systems [1-3]. However, it is difficult to extend these approaches
for the few-body systems to energies above the pion emission threshold. Given the consid-
erable effort that one expects will be put into experimental studies in this field, in the next
few years calculations in the few GeV regime for reactions at least with deuteron targets
will hopefully become available, although even this is not trivial. For heavy nuclei, there
are only relativistic mean-field calculations available.

Therefore, at present in practice one is forced to split the problem up into three separate
parts, namely the calculation of the ground state, the calculation of the final hadronic state
and the treatment of the electromagnetic current. Although the approaches taken for those
different parts will not be consistent, there is a good chance that by doing the best possible
job for each separate ingredient, one will be able to incorporate the essential physical fea-
tures in the theoretical description of exclusive electron scattering at high energies. For the
nuclear ground-state wave function one either uses a solution of a bound-state Schrodinger
equation or one of the more sophisticated microscopic few-body wave functions which are
now available [2,3]. The final state is typically calculated using optical potentials or multiple
scattering theory. It is our aim to focus on two parts of the problem: the electromagnetic
current and the final state. The relativistic effects in the electromagnetic current opera-
tor have been investigated elsewhere [4] and were found to be quite important. They are
included in all of the calculations presented in this paper. We will discuss methods that
are applicable to all nuclei in a wide range of energies. We develop and test these methods
for the case of electron scattering on the deuteron so that these effective methods can be
checked against the results of microscopic calculations, once the latter are available.

This paper is organized as follows: after this brief introduction in Sec. I, in Sec. IT we
summarize different theoretical models for the deuteron wave function and indicate what
is expected for the Plane Wave Impulse Approximation (PWIA). In Sec. III, we consider
the effects of final-state interactions (FSI) and their description at high energies by Glauber
theory. We discuss the different effects of central and spin-orbit FSI, which are due to their
different spin-structure and to their different ranges. Then in Sec. IV we discuss the various
possible choices of parameters for the FSI calculation and end in Sec. V with a brief summary
and outlook.

II. MODELS FOR THE NUCLEAR GROUND STATE AND THE PWIA

Before we discuss the incorporation of FSI and the suitability of specific observables
for the discrimination between different theoretical models, we would like to recall the
differences between these models. There exist several models of the nucleon-nucleon inter-
action which are based on meson-exchange potentials {5-7] that not only make predictions for
the deuteron wave function, but also describe a wide range of free NN and meson-nucleon
scattering data. Recently, more microscopic approaches have been developed (2,3]. The
main difference between the meson-exchange models lies in the different D-wave probability
incurred: for instance, the Bonn model predicts a lower D-state probability than most other
models. There are also some differences in the very short range part (r < 0.5 fm) of the
S-wave. For the later discussions, we compare results for the Bonn wave function [5] and
the Paris wave function [6], as they are good representatives for the available models and as
most other theories will fall in between them.

In PWIA, the (e, ¢’N) cross section is proportional to the product of the electron-nucleon
half-off-shell cross section times the spectral function S(E, ), which gives the joint proba-
bility to find a nucleon of energy E and momentum 7 in the nucleus:

dGO.PWIA
Tadydhy ~ KonS(ED), m

where K is a kinematic factor and o,y is the electron-nucleon half-off-shell cross section.
In the case of the deuteron, the energy E is fixed by the binding energy and the spectral
function reduces to the momentum distribution n(p) which does not depend on the direction
of the momentum p, as long as unpolarized deuterium is considered. Different predictions
for the momentum distribution n(p) are shown in Fig. 2a. It should be noted that although
the discrepancy for higher momenta is large — up to a factor of five — the momentum
distribution varies over seven orders of magnitude, and the agreement between the models
is quite good overall. It is interesting and important to glean information on the high
momentum part of n(p) from experiment, as it is this kinematic region that is expected
to tell us about the transition from hadronic degrees of freedom to quark-gluon degrees of
freedom.

The different predictions for momenta p > 1.5 fm™! stem from the different D-wave
probabilities: in Fig. 2b, the decomposition of the momentum distribution into S-wave and
D-wave is shown, and one can see clearly that the momentum distribution is dominated by
the D-wave for momenta of 1.5 fm~! and higher.

Of course, the simple picture of PWIA is only an approximation, as the outgoing nucleon
will in fact interact with the residual system, and this interaction will break the simple
factorized relation of Eq. (1) involving the single-nucleon cross section and nuclear spectral
function. This means that the momentum distribution cannot be extracted from the data
immediately; in fact, it is a difficult problem to find observables which show sufficient
sensitivity to the different models of the ground-state wave function. In the following, we
will discuss some possible candidates.



III. FINAL-STATE INTERACTION

Here we are interested in scattering in the GeV energy regime, and the natural description
of the FSI in this regime is given by Glauber theory [8]. Let us briefly recall the change of the
nature of the NN interaction that occurs in going from low to high energies. At energies
of 100 MeV or less, the scattering of nucleons is elastic and nearly isotropic and only a
few partial waves contribute, while in contrast, at high energies, the interaction becomes
absorptive, as new particles are produced. At an energy of 500 MeV, the proton-proton
inelastic cross section rises sharply from values of less than 2 mb to approximately 30 mb
(for a review, see [9]). It then remains almost constant for energies up to several hundred
GeV. The NN interaction also becomes diffractive at high energies. The proton-nucleus
elastic scattering data (see e.g. [10,11]) taken at proton beam energies of 1 GeV and higher
show a clear diffractive pattern, with broad maxima and diffractive dips, reminiscent of the
patterns obtained in optics in Fraunhofer diffraction. In the past, there have been great
successes in the description of proton-nucleus scattering data with Glauber theory, see e.g.
[10-12], and we will apply it here — with the necessary modifications — to the (e, e'N)
reaction.

Once FSI is included, the generic form of the matrix elements we have to calculate is
My =< f|S Jem|t >, where J.m denotes the current operator and S is the FSI operator
discussed below. An overview of the conventions used in this paper and the relativistic
current operator employed in our calculations can be found in the appendix. The FSI
operator S(7) for the interaction between the outgoing nucleon and a spectator nucleon
reads

5(F) =1-6(z)-T(5), @)

where the distance 7 between the two interacting nucleons is decomposed into longitudinal
and transverse parts: ¥ = b+z- g, where § indicates the direction of the virtual photon’s
momentum. The #-function indicates that the spectator nucleon has to be in the for‘y‘ard
hemisphere with regard to the struck nucleon, otherwise no FSI will take place. T'(b) is
called the profile function of NN scattering, and is related to the NN scattering amplitude
£() via the Fourier transform:

) = g [ €T expl~iT-5) 15 Q

Here k is the incident nucleon momentum, F' denotes the outgoing nucleon’s momentum,
and ['= k — F' is the momentum transferred in the NN scattering (not to be confused with
the momentum ¢ transferred to the nucleus by the electron). The most general form for the
scattering amplitude in the NN center of mass (¢.m.) system assuming parity conservation,
time-reversal invariance, the Pauli principle, and isospin invariance can be written in terms
of five invariant amplitudes (see references given in [9]):

F@ = AQ) + B} (61 + ) -2 + C(I) (51 - 7) (G2 - ) +
D(i) (3, - ) (&2 1) + E(1) (61 - h) (32 - b). )

-

The nucleon spin operators are denoted by &, and &,, and 4 = k x ¥’ / |E X fc"[, m =
(E—E)/IE—F|, and h= (k+F)/IE + F|.

In principle, the amplitudes A, B, C, D and E can be determined from a complete
phase shift analysis of NN data. In practice, for Glauber theory calculations one chooses
a parameterization of the central amplitude, A, in terms of three experimentally known
parameters: the total NN cross section, the diffraction slope b2 and the ratio p of the real
to imaginary parts of the elastic forward scattering amplitude. We discuss the differences
between these approaches later in Sec. IV. For the following discussion, we employ the latter
approach, writing

kam

A =

(p+) exp(—0.5282).. (5)
Note that sometimes this amplitude is parameterized as
A=A, exp(—Bal?), (6)

where A, and (34 are complex numbers, leading to a profile function of the form

oN(1 - B2
) = 202 exp- ). "
For a 1 GeV nucleon, b, ~ 0.5 fm and accordingly the profile function changes on a scale
that is much smaller than the nuclear radius, i.e., approximately 2 fm for the deuteron. This
means that the central FSI operator is a short-ranged function with respect to the transverse
separation of the nucleons and a long-ranged function with respect to their longitudinal
separation.

In the analysis of the proton-nucleus scattering data, the spinless version of Glauber
theory, including only the central part of the NN interaction, was very successful [10,11].
We also start by including only the central part, as was done before in [13,14].

A. Central FSI

Before we start the discussion of the results including FSI, some remarks about con-
ventions and the choice of kinematics are in order. We plot our results versus the missing
momentum p,, = §—py, where §'is the momentum transferred to the nucleus by the electron
and Py is the momentum of the detected nucleon in the final state. In PWIA, it coincides
with the negative initial momentum of the struck nucleon inside the nucleus: #;,, = —p. We
denote the angle between p,, and §'by 6, and the term “parallel kinematics” indicates § = 0°
and “perpendicular kinematics” indicates 6 = 90°. In this paper, we assume that the exper-
imental conditions are such that the kinetic energy of the outgoing nucleon and the angles of
the missing momentum, # and the azimuthal angle ¢, are fixed. The kinetic energy T, of the
outgoing proton is fixed to 1 GeV. For changing missing momentum, the transferred energy
and momentum change accordingly. Fig. 3 shows the five-fold differential cross section for
the reaction D(e, ¢'p)n in parallel kinematics (left panel) and for perpendicular kinematics
(right panel). In perpendicular kinematics, the effect of the central FSI is most pronounced:
for missing momenta from 0.8 fm™ to 1.5 fm~!, the FSI reduces the cross section, and for
missing momenta higher than 1.5 fm~!, it drastically enhances the cross section, by up to



an order of magnitude. The central FSI effects in parallel kinematics are smaller, but still
important for higher missing momenta.

Fig. 4 shows the cross section in PWIA and with central FSI, calculated using the Bonn
and the Paris wave functions. Whereas the predictions of the two models differ for PWIA
for higher missing momenta, the curves become almost indistinguishable in perpendicular
kinematics and very similar in parallel kinematics once the FSI effects are included. These
results can be understood when we consider the properties of final-state interactions: they
are short-ranged, and this means that while they act on the S-wave, their effect on the
D-wave is small, as the D-wave is suppressed at short distances by the centrifugal barrier.
In the discussion of Fig. 2, we have seen that the difference between the models at higher
momenta stems from their different D-wave content, and that the D-wave dominated the
momentum distribution at higher momenta. Once FSI are included in the calculation,
they redistribute S-wave strength from low and medium missing momenta to high missing
momenta, so that with FSI, the S-wave becomes important for this kinematic region. As
the wave function models do not differ too much in the S-wave, the cross sections calculated
with the two models including FSI effects do not differ very much, either. These issues have
been discussed in greater detail in [13}.

Thus, the unpolarized Dfe, €'p)n cross section is not a good candidate for the experimen-
tal discrimination between theoretical models. The central FSI effects in the longitudinal
and transverse response functions are fairly similar to the FSI effects in the cross section
(for the convenience of the reader, the definition of the response functions and the different
components of the current operator is given in the appendix). This comes as no surprise,
because Ry is dominated by the zeroth-order charge operator and Ry is dominated by the
magnetization current. Their coordinate space structure is the same apart from different
multiplicative factors, the main difference being in the spin-operator structure. As we are
considering only central FSI at this moment, the FSI effect in the two sectors will be the
same.

In order to find a better suited observable for the study of the nuclear ground state, we
turn our attention to the smaller interference responses, Ryr and Rrp, which have a different
structure than the larger responses Ry, and Rr. Since the former vanish in (anti)parallel
kinematics, in Fig. 5 we show them only in perpendicular kinematics. One should note
that the transverse-longitudinal response Rry, is considerably smaller than R, and Rr, and
that in turn the transverse-transverse response Rpr is much smaller than Rpy. We remark
that the separation of the interference responses from the measured cross section is by no
means easy; here, we focus on discussions of their properties, disregarding the experimental
feasibility for the moment.

In panels (a) and (c) of Fig. 5 we show Rrr and Ry, calculated in PWIA (dashed line)
and including central FSI (solid line); in panels (b) and (d), we show the responses calculated
with central FSI decomposed into their S-wave (dashed line) and D-wave (dash-dotted line)
components.

First, we discuss Rry, shown in panels (a) and (b) of Fig. 5. Starting at missing momenta
of 1 fm™}, the transverse-longitudinal response shows a strong FSI effect: at first, the
response is reduced by final-state interactions, then, for p, > 2.2 fm™, it is enhanced.
The overall behavior of the FSI effect is similar to that in the cross section and in Ry and
Ry, but the enhancement due to FSI sets in at higher missing momentum — for the cross

section, it starts at p, > 1.5 fm~!. The decomposition of the response into S-wave and
D-wave components, as shown in panel (b), exhibits a unique feature of Ry, in that even
with the final-state interactions included, the D-wave plays a prominent role and at medium
missing momenta, 1.2 fm~! < p,, < 2.3 fm™!, it is much larger than the S-wave contribution.
This does not happen in the longitudinal response [13] or in the transverse response. The
D-wave is scarcely affected by FSI, and only when the S-wave contribution becomes larger
than the D-wave contribution does the typical enhancement of the response in perpendicular
kinematics due to FSI set in.

The transverse-transverse response Ryr shows only a small effect of FSI, namely, a slight
reduction at medium missing momenta. Fig. 5 (d) explains why: for missing momenta
Pm > 1.5 fm~, the response is entirely given by the D-wave contribution, while the S-wave
is negligible for medium missing momenta and increases again only for p,, > 3 fm™!, a region
where the whole response is small. Since the central FSI are short-ranged, they do not affect
the D-wave very much — see the discussion above — and therefore the FSI effects on Rpr
are small.

So at this stage, it seems that, if they could be determined experimentally, the inter-
ference responses might be well-suited for an experimental discrimination between different
theoretical models for the nuclear ground state, as they differ mainly in their D-wave con-
tent and both Rprr and Rr; show sensitivity to it. However, here we have to be careful and
review the approximations which went into our calculation so far. One has to keep in mind
that the interference responses are much smaller than the longitudinal response R; and
the transverse response Ry, and that Rpr roughly accounts for only 1% of the total cross
section, and Rpy is not much bigger. So any additional contribution that would be a 1%
effect on the total cross section, and which might therefore be neglected with good reason
in the calculation of the cross section, could give rise to a huge effect in the interference
responses, especially in Ryp. For example, meson-exchange current effects (which are not
considered in the present work) may play such a role.

One of the reasons why the transverse-transverse response is so small is that in PWIA
the magnetization current cannot contribute, unless one includes a second-order relativistic
correction to the current, see [4], with which it can interfere. Recalling that Ryr = 2R[J} J.)
and taking into account that for the magnetization current, J, contains the spin-flip operator
04, it is easy to see that for the S-wave, the magnetization current cannot contribute, unless
there is a spin-dependent, spin-flipping FSI. This means that, although it is quite reasonable
and has been common successful practice to use only a central final-state interaction within
the framework of Glauber theory in the calculation of cross sections, it is not appropriate
to neglect the spin-dependent FSI in the calculation of certain responses, in particular in

the calculation of the interference responses discussed here. We now proceed to address this
issue.

B. Spin-dependent FSI

The NN amplitude in Eq. (4) contains one spin-orbit term and three double-spin-flip
terms. The unique determination of these contributions to the NN amplitude is more
difficult than for the central part, and especially the double spin-flip terms are hard to
obtain. Due to their different spin structure the spin-orbit term and the double spin-flip
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terms have different effects on the (e, ¢’p) observables, so that a separate discussion of them
is justified. Here, we concentrate on the spin-orbit term. It may be parameterized as

ko

NN
B(l) =+ 4:' (ps +7i) 1 exp(—0.512b2). (8)

The corresponding profile function reads:

. atholtN . b2 9
u(b) = ~iv e (1-1ip,)b exP(-m) ) (9)
so that we have for the full profile function defined in Eq. (3)

r'®) =T.0) + TG0 v, (10)

with » = b x k. Comparing the expression for the spin-orbit amplitude with that for the
central amplitude, the main difference is in the functional form of the former: it contains a
factor I, where [ is the transferred momentum, and this makes the corresponding spin-orbit
profile function I‘,(E) a longer-ranged function than the short-ranged central profile function
[‘(5). In addition, the value of b, is larger than that of b, used for the central amplitude,
further increasing the longer range of the spin-orbit amplitude. The value for v = 0.16
fm taken from [12] indicates that the absolute value of the spin-orbit amplitude is much
smaller than the central contribution. This indicates that the contribution of the spin-orbit
final-state interaction will be significant only if it interferes with the central FSL

To illustrate these points, in Fig. 6 we compare the real and imaginary parts of the
central profile function (solid line) and the spin-orbit profile function (dashed line) for p—n
scattering. We use the parameters of,, = 41.1 mb, b, = 0.48 fm and p = —0.48, while for
the spin-orbit part we use v = 0.16 fm, b, = 0.65 fm and p, = —0.24. These parameters are
the average of the parameters quoted in Table 10 of Ref. [11] for Glauber theory analyses
at Tiap = 1 GeV. For the real parts of the profile functions, shown in panel (a), the central
contribution is dominant for transverse separations b < 1.6 fm, then falls off quite fast and at
b > 2.5 fm is two orders of magnitude smaller than the spin-orbit contribution. However, at
these larger separations, the most important contribution stems from the imaginary part of
the spin-orbit profile function; see panel (b). It dominates the central contribution already
for b > 1 fm, and remains quite large for larger b. We note that there are even larger values
for b, published in the literature, e.5. a value of b, = 0.81 fm in {12], and that, if one
substitutes one of these for our smaller value of b, = 0.65 fm, the spin-orbit profile function
will be enhanced significantly at larger b.

In the following, we investigate the consequences of the longer-range character and dif-
ferent spin structure of the spin-orbit profile function. For the cross section and the two
large responses, Ry, and Ry, the influence of the spin-orbit FSI is — as expected — very
small. The simple structure of the longitudinal response, Ry, = |p}?, and transverse response,
Rr = |J4}? + |J_[%, does not restrict any kind of contribution even with central FSI, and
therefore, by including the spin-orbit FSI which would allow for different spin structures to
contribute, no strength is gained. The results with and without spin-dependent FSI almost
coincide, and therefore we do not show them here.

The situation changes once we consider the interference responses. They are shown in
Fig. 7. On the left-hand side, the responses Rrr and Rry, are shown calculated with the full
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FSI (solid line), with central FSI only (dashed line), and without FSI (dash-dotted line).
For the transverse-longitudinal response, the additional spin-orbit FSI has only a marginal
effect on the result for missing momenta from 1.8 fm= to 3.5 fm~1. Therefore, also the
decomposition into S-wave and D-wave contributions is practically unchanged compared to
the central FSI results.

For the transverse-transverse response, the spin-orbit FSI plays an important role. The
results for PWIA, i.e. no FSI at all, and for central FSI are very similar; they show a smooth,
structureless decrease with increasing missing momentum, and the response is negative for
the entire p,, range. Once the spin-orbit FSI is included, the response starts out negative
at small missing momenta, then changes sign at p, = 1.2 fm~!, and becomes negative
again at p, = 1.5 fm~!. For higher missing momenta p,, > 2 fm™!, the spin-orbit FSI
increases the response significantly. This is due to the fact that with the spin-dependent
FSI, the magnetization current now can also have an S-wave contribution to Rpr. With-
out spin-dependent FSI, this contribution does not exist. As the magnetization current is
the largest contribution to J; and J., and as the S-wave is the largest component of the
deuteron wave function, the new contribution introduced by the spin-orbit FSI is obviously
important. This is demonstrated in Fig. 7 (d), where the full transverse-transverse response
is decomposed into S-wave (dashed line) and D-wave (dash-dotted line) contributions. The
S-wave contribution is larger than the D-wave contribution for all missing momenta, and it
is dominant for p,, > 2 fm~!. This is in sharp contrast to the picture for central FSI only
(compare with Fig. 5 (d)): there, the S-wave contribution is much smaller than the D-wave
for ps, > 2 fm~!, while it is practically negligible in the region from 2 fm~! to 2.5 fm™!,
Indeed, the increase in the S-wave part in this region amounts to more than 1.5 orders of
magnitude. The effect of the spin-orbit FSI on the S-wave part can be attributed to the
spin structure changing nature of the FSIL.

There is another interesting spin-orbit FSI effect here which originates in its longer range,
namely, the effect on the D-wave. As mentioned above and discussed in detail in [13], the
central FSI does not affect the D-wave very much, as it is short-ranged and the D-wave is
suppressed at short distances by the centrifugal barrier. However, the spin-orbit FSI has
a longer range, and if we compare the D-wave part of Ryr with central FSI (Fig. 5 (d))
and with central + spin-orbit FSI (Fig. 7 (d)), there is a dramatic difference: the latter
causes the D-wave part to be positive over the entire p,, range, whereas with central FSI
only, the D-wave part is positive for missing momenta less than 0.5 fm~! and turns negative
afterwards. The absolute magnitude is affected as well by the spin-orbit FSI: it introduces a
dip around py, = 2.2 fm~!, whereas with the central FSI it just decreases smoothly. This is
the first instance we encounter where the FSI changes the D-wave contribution significantly.
In combination with the effect of the spin-orbit FSI on the S-wave, this leads to an inversion
of the importance of the two contributions for Ryr. This is very important, as the ability
to discriminate experimentally between different theoretical models for the nuclear ground
state depends on being sensitive to the D-wave, in which the model predictions differ.

This leads to the last point in our discussion of the interference responses: the comparison
of the different model wave functions. In Fig. 8, in panels (a) and (c), we show the transverse-
longitudinal and transverse-transverse responses in PWIA, calculated with the Bonn wave
function (solid line) and the Paris wave function (dashed line). As expected, the results
differ at higher missing momentum where we have seen that the D-wave plays an important



role. Once the full FSI, including central and spin-orbit interactions, is included in the
calculation, Ry is affected at higher missing momenta; however, it basically retains its
potential for discrimination between the different ground-state wave functions. This is due
to the fact that for Rz, the D-wave is an important contribution for p, > 1.3 fm~!. For
the transverse-transverse response, the difference in the PWIA results is roughly the same
as for Rry. However, the full FSI alters the picture: for higher missing momenta, p, > 2
fm~!, the Bonn and Paris wave functions give very similar results. At medium missing
momenta, 1 fm™! < p,, < 1.8 fm~, the sensitivity to the models is increased by FSI. This
is the region where S-wave and D-wave contributions have similar size. Unfortunately, the
practical use of this information is limited: from the experimental point of view, a separation
of Ryr is very dificult, as this is the smallest of the four responses generally present in the
unpolarized D(e, ¢'p)n reaction, and the experimental errors might be largest in the region
of 1 fm~! < pp, < 1.8 fm™*, which includes two zeros of the response. From the theoretical
point of view, it is advisable to include the full relativistic electromagnetic current for the
calculation of Ry, see [4], and it is possible that meson-exchange currents may play a role,
too. In this paper, it is our goal to demonstrate that even in the GeV energy regime, it is
mandatory to include spin-dependent FSI effects, although we do not claim to have treated
the reaction mechanism fully.

We now turn to the fifth response function, Ry, which can only be measured with a
polarized electron beam and vanishes for PWIA. Its dependence on the out-of-plane angle ¢
is given by sin o, and therefore we consider this response at an out-of-plane angle ¢ = 90°.
Fig. 9 (a) shows Rry calculated with the full FSI (solid line) and with the central FSI
(dashed line). With central FSI, the response is positive up to pm = 2.6 fm~! and then
changes sign. Once the spin-orbit FSI is included, the response is negative for pm < 1.4
fm~! and becomes positive afterwards. Also, the magnitude is changed drastically by the
spin-dependent FSI: for small missing momenta, Rry is increased by a factor of four and
more. For the higher missing momenta, the response is increased by more than one order
of magnitude. Being rather large, this is likely to be an observable effect, and it shows
clearly that for polarization observables such as the fifth response function the inclusion of
spin-dependent FSI is absolutely necessary.

In Figs. 9 (b) and (d), we show the decomposition of the full wave function into S- and
D-wave contributions, for the full FSI in panel (b) and for central FSI only in panel (d).
In both cases, the S-wave is the most prominent contribution, especially for the full FSI
calculation, where the influence of the D-wave is reduced to the region around p, ~ 1.3
fm~!, i.e., where the S-wave contribution changes sign. In the central FSI calculation, the
D-wave contribution is slightly more important, as its size is larger than for the full FSI
result and as the absolute magnitude of the S-wave contribution is smaller than for the full
FSI at higher missing momenta. Consequently, the difference between the Bonn and Paris
wave function results is marginal; see Fig. 9 (c), where the full line represents the Bonn
result and the dashed line represents the Paris result. The two curves are almost on top of
each other.

The large differences between the full FSI and central FSI results stem from the different
spin-structure of the spin-orbit FSI operator. For central FSI, there are two contributions
in the S-wave: the largest is given by the magnetization current and the spin-orbit charge
operator, and the convection current and the zeroth-order charge operator yield a contribu-
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tion of different sign and approximately half the magnitude of the magnetization/spin-orbit
contribution (for an extensive discussion of the electromagnetic current see [4]). Once the
spin-orbit FSI is included, the previously existing contributions are unchanged, but there
arise new contributions, the dominant new contribution being the one coming from the mag-
netization current and the zeroth-order charge operator. It is about 40% larger than the
magnetization current/spin-orbit charge operator result, and it has a different sign. This
new contribution is responsible for changing the sign and increasing the magnitude of the
S-wave contribution to the fifth response. There are also new contributions involving the
interference of the convection current with the spin-orbit charge operator and the first-order
convective spin-orbit current which did not contribute at all for the central FSI, although
these contributions are small. The main effect is that the two biggest components of the
current, the zeroth-order charge operator and the magnetization current, can interfere with
each other and contribute due to the spin-orbit FSI, and therefore change the character of
the fifth response.

Previous calculations employing Glauber theory for (e, ep) reactions at high energies
only took into account central FSI [13-16}, which is reasonable when one is interested in
the cross sections, large responses and nuclear transparencies. However, the measurement of
the smaller responses and of the polarization observables is expected to reveal most about
the nuclear wave function, and so the inclusion of spin-orbit FSI will be necessary for the
interpretation of the experimental data. There is also a recent publication [17] in which both
central and spin-orbit FSI are treated within a Dirac eikonal formalism. Although spin-orbit
FSI in {17} is also found to be important for certain polarization observables and in Rpr, its
effects in the fifth response are small. This may be due to the consideration of a different
target nucleus, %0, or due to the different approach used there.

1V, INFLUENCE OF THE NN PARAMETRIZATIONS

In this section, we discuss the different parametrizations for the NN amplitude and the
effects of changes in these parameters on the results we have obtained. For the central part
of the amplitude, this has been done before in [18]. There, it was shown that changes in the
slope parameter b, affect the results in perpendicular kinematics, increasing them for high
missing momenta if b, is smaller and the interaction therefore shorter-ranged, and decreasing
them at high py, if b, is chosen larger. In any case, the results with FSI lead to a considerably
larger high missing momentum tail than in PWIA. A change in p, the ratio of the real to
imaginary parts of the forward elastic scattering amplitude, influences the results only in
parallel and antiparallel kinematics.

The spin-dependent part of the amplitude is not known as well as the central part, and
there are many different values for the spin-orbit parametrization to be found in the literature
(for an overview, see [11]). The two main groups are the values derived from phase shift
analyses and from proton-nucleus Glauber theory calculations. In the Glauber approach,
one usually neglects all double-spin-flip contributions and in addition assumes that the slope
parameters are real, in contrast to the complex values derived in the phase shift analyses.
Actually, the two different approaches already differ quite significantly in the central part:
the diffraction slope derived in a typical phase shift analysis is about 50% larger than the
one derived from Glauber calculations. Characteristic values at Ty, = 1 GeV are listed in
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Tables I and II. The phase shift values are taken from [19], while the Glauber values are
the average of the parameters quoted in Table 10 of Ref. [11]. Except for p,, which enters
in the spin-orbit part, all of the parameters agree within 10 — 20%. As already mentioned,
the parameters b, and b, of the phase shift analysis have an imaginary part, although it is
small. For p,, there is a wide spread of values even among the different Glauber analyses,
yielding values from 0.4 to —0.62. Clearly, we need to investigate how much a change in
this parameter affects our results.

The situation is somewhat more complicated by the fact that the final-state interaction
is not calculated in the NN c.m. system, for which the parametrizations are given, but in
a system where the incoming and outgoing nucleons all have different momenta: before the
FSI takes place, the proton carries the sum of its initial momentum and the momentum ¢
transferred by the photon, and the neutron still carries the momentum it had initially in
the deuteron. After the FSI took place, the neutron carries the missing momentum pi,, and
the proton has the momentum py. As the proton’s momentum is high in any case, and
the neutron’s initial momentum on the average will be smaller than the Fermi momentum
(pr ~ 55 MeV for the deuteron), the situation is rather asymmetric. At least for the
deuteron, the rescattering takes place in a system quite close to the lab system, as the Fermi
momentum is so small.

Therefore, we have to boost the NN parameters from the c.m. system to the appropriate
“rescattering system”. As in the rescattering system the momenta of the nucleons do not
transform into one another under time reversal, we pick up different coefficients C; and C;
for the spin-orbit part for the two different nucleons. This is in analogy to the transformation
from the c.m. frame to the Breit frame, which was discussed in [11,19]. We have transformed
the NN parameters to the lab frame, since taking into account the nonvanishing initial
momentum of the neutron would only lead to negligible additional corrections. We used
the method outlined in [19] for the boost. It is well known that the central parameters
do not change in a transformation from the c.m. to the lab system, provided they are
multiplied with the properly boosted quantities in each reference frame {20]. This leaves the
spin-orbit parameters (and also the double-spin-flip terms, which we do not consider here).
The spin-orbit parameters now differ for the two nucleons, and the slope parameters pick
up an imaginary part. However, we carried out a calculation with the imaginary parts of
b, set to zero and found that the results practically coincide with the results obtained for
the nonvanishing imaginary parts. The spin-orbit values for the lab system obtained from
the Glauber p — A analysis are shown in Table III. It is obvious that the boost to the lab
system has a very small effect on + and b,. The boost has a significant effect only on p,,
which is almost zero for the neutron and takes on about twice its c.m. frame value for the
proton. The spin-orbit values for the lab system obtained from the phase shift analysis are
shown in Table IV. Again, the boost effects are significant only for p,.

Instead of discussing the merits of the Glauber p — A analysis versus the phase shift
analysis parameters, we investigate the sensitivity of the final results to changes in the NN
parameters. From the preceding paragraph, it is clear that we have to consider moderate
changes in -y and b,, and large changes in the less well known p,. As <y simply multiplies the
spin-orbit term, it is obvious that a slight increase or decrease in -y leads to a slight increase
or decrease in the overall spin-orbit FSI effect, independent of the specific kinematics. We
therefore focus on b, and p,. As the fifth response is most sensitive to the spin-orbit FSI,
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we choose it as a testing ground. Before checking the sensitivity to the NN parameters, it
is useful to consider the spin-orbit FSI effect on the proton and the neutron separately. In
Fig. 10, the solid line shows the fifth response calculated with the full FSI, i.e. with the
spin-orbit FSI acting both on proton and neutron. The dashed line shows the results with
the spin-orbit FSI acting on the proton only. One can see that the qualitative agreement
between the curves is good. Naturally, the influence of the spin-orbit FSI on the neutron
is largest when the fifth response changes sign, but for small missing momenta p,, < 0.5
fm=! and the high missing momentum tail, p,, > 1.8 fm~?, its role is minor. The situation
changes when we switch off the spin-orbit FSI on the proton, and keep only the spin-orbit
FSI on the neutron, as depicted by the dash-dotted line: the results are qualitatively similar
to the results with central FSI only (dotted line) — indeed, they are even somewhat smaller.

Note that here the case is different from proton-nucleus scattering, where the spin-orbit
FSI on the spectator nucleon does not contribute for spin-0 targets. Here, it does contribute,
although its contribution is much smaller than that of the spin-orbit FSI on the proton. This
asymmetry is introduced in the problem by the assumption of the impulse approximation,
i.e. the assumption that the nucleon with which the virtual photon interacted is the one
which is detected later. This means that the electromagnetic current operator acts only
on the proton, and therefore the spin-effects on proton and neutron cannot be the same,
as the electromagnetic current operator contains spin-flipping parts. For the conditions we
assume here, namely a very energetic virtual photon and a very energetic proton (=1
GeV) which is measured, the impulse approximation is a realistic assumption, because it
is quite unlikely that after its interaction with the photon the nucleon will transfer the
momentum and energy gained in the hard vertex completely to the other nucleon. For lower
energies, where both the proton and neutron in the final state have similar momenta, the
Born graph does contribute and the spin-orbit FSI on the neutron should gain importance,
as the situation then is more symmetric for the two nucleons.

In view of the importance of the spin-orbit FSI on the proton and the relatively small
role of the spin-orbit FSI on the neutron, we will only discuss the sensitivity to the different
NN parameters for the spin-orbit FSI on the proton. As the effects there are large, this
should allow for the easy identification of the effects of changes in b, and p,. We start with
different values of p, for the proton, keeping all of the other NN parameters the same. The
results of a calculation with p, = —0.44 (the value we used for all of the above calculations)
are compared to the results of a calculation with p, = +0.44 in Fig. 11. The results are
very similar to each other, the only significant deviations occurring in the region where Ry
changes its sign. We conclude that even the very drastic change of 200% in the value of p,
does not alter the results qualitatively and even does not alter the results quantitatively,
except for the region of 1.3 fm™! < p,, < 2 fm™?, where the response has a zero and any
slight change in the calculation must induce a visible difference. So, although the value
of p, is not known with much precision, this uncertainty does not influence the practical
calculations in a significant way.

In Fig. 12 we investigate the influence of the slope parameter value on the fifth response.
The solid line shows the result with (b,) = 0.65 fm, while the dashed line represents the
results for R(b,) = 0.71 fm, which makes the interaction even longer-ranged. As expected,
and as observed for the central FSI and the slope parameter b, in [18], the longer-ranged
interaction decreases the result at higher missing momenta. Consequently, the shorter-
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ranged values of b, lead to a slightly increased result at higher missing momenta, namely
the dash-dotted curve for R(b,) = 0.59 fm and the dotted curve for R(b,) = 0.52 fm. On an
absolute scale, these changes are small and they are present only for pm > 1.5 fm™2.

From these observations on the sensitivity to the NN parameters, we can conclude that
the overall effect of the boost from the c.m. frame of the NN system to the lab frame
only has a small effect, quite similar to the observations made in {19] for proton-nucleus
scattering and the transformation from the c.m. to the Breit system. Also, the change in
the parameters due to the boost is smaller than the uncertainty in the value of the parameter.
Although the differences introduced by changing one NN parameter at a time are small,
we found that a simultaneous change in the values of all NN parameters can add up to a
significant shift of the zero of the fifth response.

In this paper, we did not consider double-spin-flip terms in the FSIL They are smaller
than the spin-orbit term, and in the proton-nucleus Glauber calculations they are usually
neglected. We estimate that their influence on the observables calculated here will be very
small, since the spin-orbit FSI already allow the “big” components of the current and the
wave function to contribute. Specifically, in the fifth response the contribution of the in-
terference between magnetization current and zeroth-order charge operator is the biggest
contribution one can expect, and it is already present when the spin-orbit FSI is included.
However, there may be other observables, e.g. double polarization observables, where the
double-spin-flip FSI might contribute — in these cases, it will be necessary to re-examine
many of the approximations made in the present study.

V. SUMMARY AND OUTLOOK

The final-state interactions have a rich structure: due to the short-ranged nature of
the central part of the FSI, they tend to smear out the differences between the various
theoretical models for the nuclear ground state. Our results indicate that one of the smaller
responses or a polarization observable might be better suited for this purpose. A reliable
theoretical calculation of these responses must include the spin-orbit FSI as well as the
central FSI. We have included the spin-orbit FSI, for the fifth response function showing
that the spin-dependent FSI is indeed crucial. The calculations presented here go beyond
the approach usually taken in calculations for (e, ¢'p) reactions in the framework of Glauber
theory, where only the central FSI is included. In addition, we have pointed out that due
to the longer-ranged nature of the spin-orbit final-state interaction, the FSI can also have a
significant impact on the D-wave contribution. The experimental measurement of the small
responses and the polarization observables is a challenge that holds potential to shed light
on interesting issues involving all of the ingredients in electronuclear physics, namely, initial-
and final-state nuclear structure and electromagnetic operators. Of specific relevance for the
present work, we note that the fifth response function will be measured for a variety of nuclei
at Jefferson Lab in the near future {21].
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APPENDIX A: RESPONSE FUNCTIONS AND CURRENT OPERATOR

For the convenience of the reader, we provide the definition of the response functions
and identify the different parts of the electromagnetic current. For more information on
exclusive electron scattering in general, the reader is referred to [22]; for the electromagnetic
current operator and the relativistic effects incorporated in it, see [4).

The differential cross section is equal to

do® h _mymypN
de'dQ.dQn 5i 8m3m;

OMott frap

[ (voRf: + v RS, + vrrRET + vr REF)

+h (v RY, + v REY)], (A1)
where m;, my and my are the masses of the target nucleus, the ejectile nucleon and the
residual system, py and Q are the momentum and solid angle of the ejectile, ¢’ is the energy

of the detected electron and (2, is its solid angle. The helicity of the electron is denoted by

h. The coefficients vy are the leptonic coefficients, and the Ry are the response functions
which are defined by

Rfi = p(@5l*
R}:‘ = @l + 19 (@) sl
R = 2RI J- (D1

RYf = 210" (Jo (@ gi = T- (D))
RE = 0@l = =@l
RiF = 2R [p" (@) (U@ i + J-@ 1), (A2)

where the Jy are the spherical components of the current. For our calculations, we have
chosen the following kinematic conditions: the z-axis is parallel to &, the missing momentum
is defined as Pm = §'— P, so that in PWIA, the missing momentum is equal to the negative
initial momentum of the struck nucleon in the nucleus, p,, = —5. We denote the angle
between iy, and §'by 6, and the term “parallel kinematics” indicates 8 = 0°, “perpendicular
kinematics” indicates # = 90°, and “antiparallel kinematics” indicates § = 180°. Note that
both this definition of the missing momentum and the definition with the other sign are
used in the literature. In this paper, we assume that the experimental conditions are such
that the kinetic energy of the outgoing nucleon and the angles of the missing momentum,
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9 and the azimuthal angle ¢, are fixed. The kinetic energy of the outgoing proton is fixed
to 1 GeV. For changing missing momentum, the transferred energy and momentum change
accordingly.

The electromagnetic current operator

i

JU(PA; P'AY) = 5(P'A") [Fw“ + Fgo“"Q.,] w(PA) (A3)

2my
can be rewritten in a form that is more suitable for application to nuclear problems:

JH(PA; PN = xb JH(P; P') xa (A4)
with

J=p=folbo+ i (I%xP)-6)
w

P=tr
7= p(a]s- (Lf q‘]—:{a(q*x&)
+ 8@ 9)@xA+8lax- |- (&) «ﬂ}) (A3)

Here, f,, &, &] are all functions of w, g, p?; their explicit forms are given in [4]. For the reasons
explained in [4], we refer to the operator associated with &, as zeroth-order charge operator,
we call the term containing the &, first-order spin-orbit operator, the term containing &
first-order convection current, the term containing £; zeroth-order magnetization current,
the term containing & first-order convective spin-orbit term, and the term containing &;
second-order convective spin-orbit term. In this paper, we have used the current expanded
up to first order in the initial nucleon’s momentum and retained terms of all order in the
transferred energy w and the transferred momentum q.

Note that we retain more terms in the current than with the commonly used strict
nonrelativistic reduction, which assumes that the transferred momentum g is smaller than
the nucleon mass, and that both the initial nucleon momentum and the transferred energy are
smaller than ¢ and therefore much smaller than the nucleon mass. Under these assumptions,
the current operator simplifies to the form

‘]:onrel=GE
" i | - 0P
thmrcl=_2mN Gum (qxg)+mN Ge (P— qz q) )

which contains only the zeroth-order charge operator, the zeroth-order magnetization current
and the first-order convection current.
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TABLES

TABLE I. NN amplitude parameters for the central and spin-orbit terms from the Glauber
proton-nucleus scattering analysis. Parameters are given in the NN c.m. frame.

atot / mb bo / fm P v/ fm bs / fm Ps
41.1 0.48 -0.48 0.16 0.65 -0.24

TABLE II. NN amplitude parameters for the central and spin-orbit terms from the phase shift
analysis analysis. Parameters are given in the NN c.m. frame.

ol / mb b, / fm P v/ fm b, [ fm Ps
36.9 0.57 - i 0.07 -0.47 0.20 0.53 +10.05 0.52

TABLE III. NN amplitude parameters for the spin-orbit terms from the Glauber proton-nucleus
scattering analysis. Pararneters are given in the NN lab frame.

nucleon v/ fm b, / fm Ps
proton 0.15 0.65 - i 0.03 -0.44
neutron 0.17 0.64-10.03 -0.02

TABLE IV. NN amplitude parameters for the spin-orbit terms from the NN phase shift anal-
ysis. Parameters are given in the NN lab frame.

nucleon v/ fm b, / fm Ps
proton 0.18 0.53 + i 0.07 0.41
neutron 0.21 0.52 +1i0.03 0.64
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FIGURES

FIG. 1. Schematic representation of the (e,e'N) reaction. The electron exchanges a photon
with the nucleus, and the photon knocks out a nucleon which undergoes final-state interactions
(FSI) while leaving the nucleus. The scattered electron and the nucleon are detected in coincidence.
The other hadrons in the final state remain unobserved.

FIG. 2. Panel (a) shows the nucleon momentum distribution n(p) for the deuteron calculated
with the Bonn wave function (solid line) and the Paris wave function (dashed line). Panel (b)
shows the decomposition of the full nucleon momentum distribution calculated with the Bonn
wave function (solid line) into the S-wave part (dashed line) and the D-wave part (dash-dotted
line).

FIG. 3. On the left, the five-fold differential cross section for the reaction D(e,e’p)n is shown
in parallel kinematics (the angle of the missing momentum 9 = 0°), on the right, it is shown for
perpendicular kinematics (9 = 90°). The solid line shows the calculation including central FSI,
while the dashed line shows the PWIA result.

FIG. 4. On the left, the five-fold differential cross section for the reaction D(e,e'p)n is shown
in PWIA; on the right it is shown including central FSI. The top panels show the cross section in
parallel kinematics, whereas the bottom panels show it in perpendicular kinematics. The solid line
shows the calculation performed with the Bonn wave function, while the dashed line is the Paris
wave function result.

FIG. 5. The top panels, (a) and (b), show the absolute value of the transverse-longitudinal
response function Rry, while the bottom panels, (c) and (d), show the absolute value of the
transverse-transverse response function Rpr. In all panels, the solid line shows the calculation
including central FSI. The dashed line in (a) and (c) shows the PWIA result, whereas the dashed
line in (b} and (d) shows the S-wave contribution and the dash-dotted line in (b) and (d) shows
the D-wave contribution. The total response Ryt is negative over the entire p,, range, as is its
S-wave part. The D-wave part is positive for missing momenta less than 0.5 fm™! and then turns
negative, too. The total response Ry is positive over the entire p,, range, as is its D-wave part
The S-wave part is negative from 1.4 fm™! to 2.1 fm™!.

FIG. 6. The real part (left panel) and the absolute value of the imaginary part (right panel) of
the central profile function (solid line) in coordinate space for pn scattering at T,y = 1 GeV and
the spin-orbit profile function (dashed line). The profile functions are plotted versus the transverse
separation b of the two nucleons. The parameters for the central part are ol = 41.1 mb, b, = 0.48
fm, and p = —~0.48. For the spin-orbit part, we use y = 0.16 fm, b, = 0.65 fm and p, = —0.24. The
imaginary part of the spin-orbit profile function is negative and the imaginary part of the central
profile function is positive.
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FIG. 7. The top panels, (a) and (b), show the absolute value of the transverse-longitudinal
response function Rry, while the bottom panels, (c) and (d), show the absolute value of the
transverse-transverse response function Rpr. In all panels, the solid line shows the calculation
including central and spin-orbit FSI. The dashed line in (a) and (c) shows the central FSI result,
and the dash-dotted line in (a) and (c) shows the PWIA result. In panels (b) and (d), the dashed
line shows the S-wave contribution and the dash-dotted line shows the D-wave contribution. The
full response Ryr is negative, except for 1.2 fm™! < p, < 1.5 fm~!. Its S-wave part is negative over
the entire p,, range, and its D-wave part is positive over the entire py, range . The full response
Ryy, is positive over the entire p, range, as is its D-wave part. The S-wave part is negative from
14 fm~! to 2.1 fm™1.

FIG. 8. On the left, the interference responses Ry and Rrr are shown in PWIA; on the right
they are shown including central and spin-orbit FSI, in both cases for perpendicular kinematics.
The top panels show the transverse-longitudinal response function, and the bottom panels show
the transverse-transverse response function. The solid line shows the calculation performed with
the Bonn wave function, whereas the dashed line is the Paris wave function result.

FIG. 9. The fifth response function, Ry, is shown in panel (a) calculated with the full FSI
(solid line) and with central FSI only (dashed line) in perpendicular kinematics at an azimuthal
angle ¢ = 90°. The full response is negative for p, < 1.4 fm=!; with central FSI only, it is
positive up to p, = 2.6 fm~!. Panel (c) shows the response calculated including full FSI with the
Bonn wave function (solid line) and the Paris wave function (dashed line). In panels (b) and (d),
besides the full response (solid line), we show the S-wave part (dashed line) and the D-wave part
(dash-dotted) for the calculation with central FSI (d) and full FSI (b).

FIG. 10. The fifth response function, Rry/, is shown in perpendicular kinematics at an az-
imuthal angle ¢ = 90°. The various curves represent a calculation with the full FSI (solid line),
a calculation with central FSI and spin-orbit FSI only on the proton (dashed line), a calculation
with central FSI and spin-orbit FSI only on the neutron {dash-dotted line), and a calculation with
central FSI only (dotted line).

FIG. 11. The fifth response function, Ry, is shown in perpendicular kinematics at an az-
imuthal angle ¢ = 90°. The solid line shows the results of the calculation with p, = —0.44 for the
proton, while the dashed line shows the result for the changed sign of p,, i.e. for p, = +0.44.

FIG. 12. The fifth response function, Ry, is shown in perpendicular kinematics at an az-
imuthal angle ¢ = 90°. The solid line shows the results of the calculation with ®(b,) = 0.65 fm for
the proton, the dashed line shows the result for ®(b,) = 0.71 fm, the dash-dotted line corresponds
to R(bs) = 0.59, and the dotted line represents R(b,) = 0.52.
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